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:: Abstract Introduction

\\
,’,;;; xrThe General Rotorcraft Aeromechanical Stability Pro- Background
Q:, gram {GRASP) is described in terms of its capabilities and Early work in calculating the aeroelastic stability of
o development philosophy. The program is capable of treat-  hingeless helicopter rotor blades commonly made use of
! ing the nonlinear static and linearized dynamic behavior of  simple physical models such as spring-restrained, centally-
0‘.& structures represented by arbitrary collections of rigid-body  hinged, rigid blades.! Later work treated configurations

and beam elements that may be connected in an arbitrary
fashion and are permitted to have large relative motions.

:‘; The main limitation is that periodic coefficient effects are
g not treated, restricting the solutions to rotorcraft in axial

) flight and ground contact conditions. Rather than follow-
k) " ig in the footsteps of other rotorcraft programs, GRASP
"‘:r' is more of a hybrid between finite element programs and

spacecraft-oriented multibody programs. GRASP differs
from standard finite-element programs by allowing multi-

Introduction to GRASP — General Rotorcraft Aeromechanical
Stability Program — A Modern Approach to Rotorcraft Modeling

Dewey H. Hodges
Research Scientist and Theoretical Group Leader

A. Stewart Hopkins, Donald L. Kunz, and Howard E. Hinnant
Research Scientists

Rotorcraft Dynamics Division
Aeroflightdynamics Directorate
U. S. Army Aviation Research and Technology Activity (AVSCOM)

AL I AR ISR RN N e 1R - P
) ’
-, R ‘

that were somewhat more complex, including some with
elastic blades,? body degrees of freedom, and infiow
dynamics.3 These approaches are very valuable for gain-
ing physical insight into complicated phenomena such as
coupled rotor-fuselage stability. Since they are based on
only one physical model, however, they are of limited value
when attempting to accurately analyze realistic rotorcraft
configurations.

) . . . .
. ple levels of substructures in which the substructures can E‘specmlly 1mpo rtant in the context of aeroelastic sta-
“"n bili the analysis of bearingless rotor systems. For these
:t\‘ move and/or rotate relative to others with no small-angle thity 1s ¥ aringles: ys : deal of
,::l. approximations. This capability facilitates the modeling sys:’erlx?s, ttl;e !)t:_a;'ie/ root kl'nematxc; require a greatb eal o
50" of rotorcraft structures, including the rotating/nonrotating = ™M9€!N8 ex1bl lty,ua: various ::on gurations may 4 T gulte
Wl interface and details of the blade/root kinematics for vari-  different. The FLAIR program? attempted to model bear-
ous rotor typespGRASP differs from standard multibody }nglas rotor hehcopters‘ to. ca?lculate a{r?mxhanlcal s?abll-
£y ¢~ programs by cohsidering aeroelastic effects, including in- ity. In FLAIR the user is limited to a rigid })lade, a um_form
it : : : exbeam, only a few types of blade/root kinematics, linear
';:Q flow dynamics (simple unsteady aerodynamics) and non- fexb o ly afew t Pe f bl d /root k *mat !
N linear aerodynamic coefficients. The main structural ele.  3¢rodynamics, and static induced inflow. While FLAIR has
' -f ment is the aeroelastic beam element which may possess found use in the rotorcraft community, it lacks the flexibil-
::l:: arbitrarily more than the 12 degrees of freedom common ity heeded to become a serious design tool.
‘s . P .
‘ n beam elemen‘ts. Although ‘f’ is assumed in the analy- For analysis of problems involving complete rotorcraft,
sis that the strain components in the aeroelastic beam ele-  there exist large helicopter simulation programs such as
D > mefit remain small compared to 'umty, no kmefnatlcal limi- C-81, described in Reference S, and G400, described in
: % tations are imposed on t-he magnitudes of the displacements  pference 6. These programs were designed primarily for
Jay < and x('iotat;ons. N“';’"_'::' reS\lxtltsf from GR,A‘?P are pr;:- time-history analysis of rotorcraft behavior in forward flight
?:; sented an co:'ngare Wlbo ;esu S rou})} an exlxs tm:..rspecla “  rather than for aeromechanical stability. Despite their gen-
\L | purp ose.;:ou'phe rot?r/ {daero?lecl a.mc: ; abl 1ty pro- erality and complexity, these programs are still limited.
L] gram and with experimental data for large deflectionsof an  j,}740n,7 in his discussion of these and other large rotor-
_ ___.._J 'end-loaded cantilevered beam. The agreement is excellent . .¢ programs, points out some of their limitations, which
;’ X i in both cases. are primarily related to aerodynamics. Although his CAM-
'! RAD program overcomes many of these limitations, these
e [ programs (including CAMRAD) are restricted to a fixed
! \ I-— number of physical models and lack the modeling flexibil-
B = . ity needed to deal with a wide variety of blade/root geome-
‘ ) Presented_at the 42n‘d Annual Forum of the American tries. They must rely on results, such as a set of modes,
a:::' Helicopter Society, Washington, D. C., June 2-4, 1986. from other programs which can present an assortment of
fial
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A difficulties for bearingless rotor blades. The mathematical
_!y:'" and physical consistency of these combined approaches are
b seldom examined, and they are likely to not be consistent.

- Furthermore, in stability analyses, a nonlinear static equi-
.:l:: librium solution is needed about which to linearize — an im-
) portant consideration which most of the earlier simulation

P j programs do not address. One code should exist in which
d blade structural dynamics, isolated blade stability, and iso-
Folgd lated rotor stability, as well as coupled rotor/airframe sta-
bility, can 2ll be treated.
oy
., ;’ Dynamic coupling programs, such as DYSCO,?® which
' -gj have a high degree of generality allow coupling of discrete
. component models and/or modal representations of flexi-
:j ble structures. While DYSCO is a very powerful executive-
YW, driven system, it cannot at present treat the aeroelastic
behavior of bearingless rotor systems undergoing geomet-
neth rically nonlinear deformation because it lacks a sufficiently
:: v\..; general element in its element library.
::Q‘ " Recent implementations applying the finite-element
':;: method to rotorcraft problems®!° do not overcome these
2Pt limitations because the physical models are limited to one
configuration. If one takes a rotating beam and breaks it
ol up into finite elements, this yields nothing more than a
-"x‘: discretized rotating beam. The need to couple it with an
oo airframe or to model blade/root kinematics of an arbitrary
':‘.' -\:3' configuration is not met by such an approach. The classical
YO finite-element method is based on the breaking up of a sin-
gle structure (s.c., a beam, plate, or shell) into an arbitrary
. number of elements and expanding the appropriate field
3 }4. , variables into polynomial shape functions. This approach,
,_: by itself, lacks the flexibility to deal with truly arbitrary
ALY rotorcraft configurations. The reason for this is that a heli-
> copter is a system of structural components, some of which
: may be rotating and/or translating relative to one another.
. It is more akin to the so-called “multibody” systems.!!:12
Y Unfortunately, few multibody programs possess the capa-
W, '&."{ bility to deal with flexible components, and none have the
o capability to deal with aeroelastic phenomena as these pro-
» f:: grams were developed primarily for spacecraft applications.
¥
:?: All previous attempts at modeling rotorcraft problems
' have embodied certain inherent restrictions that are unac-
2592 ceptable in a truly general-purpose approach. A general-
t.", purpose code is needed that would overcome the major
«:: shortcomings of the previous philosophies of aeroelastic
';a:,u: analysis. Consider, for example, the following typical re-
ot strictions: 1) Restriction to linear, small-displacement ap-

prozimations of beam elastic deformation. This restriction
is unacceptable in a general-purpose rotorcraft program be-
cause the rotor blade aeroelastic problem, especially for hin-
geless rotor blades, has been conclusively shown to be a
nonlinear problem. A consistent approach based on non-
linear kinematics is required. 2) Restriction to elastic blade
models with ordering schemes, second-degree nonlinearity,
or “moderate” rotations. These approximations are unac-
ceptable because the governing equations may have to be

42 0* 40g gite ala Bt - LAY hsp gt e b A A S

augmented with certain higher-order terms if the values of
certain structural properties are not within some nominal
range (Rosen and Friedmann!3). Evidently, these higher-
order terms need to be present in a general-purpose anal-
ysis. It then seems that the ordering scheme, although it
can be a valuable tool in the context of special-purpose re-
search codes, is neither necessary nor desirable in a general-
purpose context. Furthermore, a bearingless rotor flexbeam
must undergo deformation-induced rotations of the order
of the collective pitch angle — a rotation too large to be
classified as “moderate.” Thus, the bearingless rotor prob-
lem demands a large-deflection analysis without artificial
restrictions on rotations due to deformation, the degree of
nonlinearity, or the values of blade properties. 3) Restric-
tion to a fized number (usually one) of configurations (e.g.,
isolated hingeless blade or coupled bearingless rotor and body
or a single blade/root configuration). This restriction is un-
acceptable because of the need to analyze different types of
configurations with one code and one set of assumptions.
This one code should be able to treat all currently known
blade/root mechanisms and, at the same time, model con-
figurations that do not yet exist. The user should be able
to “construct” a new configuration with simple building
blocks and without artificial limitations on the process. For
maximum flexibility in treating these different configura-
tions, the finite-element method is the preferred approach.
Moreover, the existence of many different blade/hub con-
figurations for helicopters requires a capability to analyze
arbitrary configurations of structures, parts of which may
be rotating. Thus the code must be “multibody” in philos-
ophy.

Approach

To overcome the aforementioned limitations of the pre-
vious methods of aeroelastic stability analysis, the General
Rotorcraft Aeromechanical Stability Program (GRASP)
has been developed. GRASP combines the finite-element
and multibody approaches and incorporates multiple levels
of substructures to provide a powerful tool for rotorcraft
analysis. GRASP has been designed around the concept of
a collection of flexible and rigid bodies connected in an ar-
bitrary manner. Libraries of elements, constraints, and so-
lution algorithms appropriate for the helicopter aeroelastic
stability problem were designed and built in.

The element library fosters the treatment of the blades
as beams; construction of arbitrary mechanisms to treat
blade/root kinematics with beam elements and rigid bod-
ies; treatment of the fuselage as either a rigid body, a col-
lection of beam elements, or a modal representation ob-
tained from some other source; and treatment of both
static and dynamic induced inflow by means of blade-
element/momentum theory. The constraint library al-
lows for arbitrary connection of elements and includes con-
straints that allow for compliance in the constrained rela-
tive motion between elements, and a rotating/nonrotating
interface, all without kinematical approximations such as
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small-angle assumptions. The solution procedures include
nonlinear static equilibrium and linearized stability about
equilibrium, both presently limited to the hovering flight
condition.

It should be noted that these physical modeling as-
sumptions and solution procedures, while adequate for
aeromechanical stability analysis in axial flight and ground
contact, are not adequate for comprehensive rotorcraft
dynamic analysis as defined by Johnson.” The analysis
methodology used in GRASP, although a viable approach
for application to nonlinear dynamics in forward flight,
would require considerable effort to be implemented in
GRASP. Such an effort is not currently planned.

The main flexible-body element is the aeroelastic beam,
which is an elastic, variable-order, kinematically nonlinear
beam element that may be subject to inertial, gravitational,
and aerodynamic loads. The beam static equations are
never written out explicitly, but rather are formed from
simple hierarchical expressions in terms of force and mo-
ment stress resultants that are obtained from the principle
of virtual work. Although it is assumed in the equations
that the strains are small relative to unity, there are no
small-angle assumptions in the beam equations, nor is there
any truncation of kinematically nonlinear effects through an
ordering scheme. The element dynamic matrix coefficients
are formed from numerical quadrature of exact linearized
equations.

Certain features of a general-purpose code that, while
not actually requirements, are very desirable have been in-
corporated in GRASP. 1) The user is able to increase the
accuracy of the analysis without having to add more ele-
ments. The aeroelastic beam finite element developed for
GRASP uses a variable-order (or “p-version”) approach,
which is based on high-order polynomial displacement
functions.!4''3 2) The equations of motion are formed as
much as possible by the program itself, minimizing the pos-
sibility of errors in the equations. 3) GRASP has a user in-
terface capable of handling the required generality without
the user’s having to know the form of the equations of mo-
tion or even the number of degrees of freedom. 4) GRASP
is able to model both large and small problems with the
same code. Thus, the number of degrees of freedom is not
fixed a priors. This not only implies the need for a great
deal of flexibility in assembling the equations of motion for
the system, but also a need to manage data in core with a
flexibility not inherent in the FORTRAN language.

Early in the development of the code, the requirement
that the number of elements and degrees of freedom be kept
arbitrary determined that the structuring and managing of
data in the code be accomplished in such a way that the
sizes of data structures be established from the input data.
The philosophy of in-core data management adopted for
the present development is discussed in Reference 16. The
program possesses a library of routines called the Infor-
mation Manager which was designed to support high-level
management of data structures.

The purpose of this paper is to introduce GRASP to
the technical community. The following subjects will be
discussed: the design of the program, its capabilities, nu-
merical results correlating GRASP with an existing special-
purpose program and with experimental data, and planned
enhancements

Program Design

In order to fulfill all of the requirements for 2 program
with the degree of generality specified in the introduction, a
modern approach to the design of the program was needed.
Modern techriques were used in the design of the method of
modeling structures as well as for the design of the software
itself.

Software Design

The GRASP program was written using modern pro-
gram design methods. GRASP is written almost exclu-
sively in ANSI-standard FORTRAN 77 with machine de-
pendencies isolated to a few of the lowest-level routines.
The primary principle guiding the design and implemen-
tation of GRASP is clarity. At the implementation level,
clarity is enhanced by adhering to coding standards that
include extensive use of comments, definition of all vari-
ables, structured coding, and format conventions related to
indentation, spacing, and overall subroutine structure.

Clarity is built in at the design level by emphasizing
modularity. As much as possible, subroutines and data
structures are designed to serve a single purpose. The
same is true for larger packages of subroutines. The effects
of modularity are evident at different levels. 1) Higher-
level Modularity. At the highest level, the software is com-
posed of two programs: one (called Build Input) that builds
an input file in an internal format, and another (GRASP)
that performs the desired computations. Each of these pro-
grams is composed of a main library and several support-
ing libraries. There are supporting libraries for handling
errors, managing information structures, providing utility
functions and providing high-level mathematical functions
for information structures. (These high-level libraries cor-
respond to program and relocatable libraries supported by
the computer operating system.) 2) Lower-level Modular-
ity. At a lower level, modularity is evident in the division
of the main library of GRASP into a package of executive
routines and a collection of packages for carrying out the
requested computations. These packages can be thought of
as forming a library of solution methods. Similarly, there
are collections of routines associated with each of the ele-
ments and constraints that can be thought of as forming an
element library and a constraint library. (These low-level

libraries are imbedded in the main high-level library and -

do not directly correspond to computer operating system
program or relocatable libraries.)
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The GRASP Information Manager is an important
part of the overall design of the program in several ways:
1) Modularity. The Information Manager library increases
the modularity of the entire program by removing the data
management functions from the main library of computa-
tional subroutines into a library of subroutines dedicated
to a specific set of functions. 2) Natural Data Structures.
As discussed in Reference 16, there is a natural associa-
tion between the representation of a structural model and
certain relational organizations of the data referred to as
data structures. Information Manager provides a collec-
tion of information structures, including arrays, matrices,
stacks, queues, lists, trees, and variable length tables, that
can be conveniently used to perform calculations related to
the structural model. 3) Dynamic Data Structures. The re-
quirement that the number of elements and the number of
degrees of freedom be kept arbitrary dictated that the sizes
of data structures (e.g., the dimensions of matrices} had to
be problem dependent, and hence could not be determined
until the data structures were ready to be created. Refer-
ence 16 discusses methods for dealing with the requirement
for dynamic data structures. A comprehensive approach
is used in GRASP, with all major data structures residing
in a block of core that is located beyond the address of
the last word of the program. Besides containing all of the
data used by the program, this area also contains all of the
tables, pointers, and records necessary to keep track of the
data and operate on it.

Model Representation

A primary requirement in the representation of any
structure is the ability to write the fuil, nonlinear equations
of motion for bodies which may be experiencing large kine-
matic motions relative to one another. The basic approach
used in GRASP is borrowed from the spacecraft-oriented
research described in Reference 17, with additional empha-
sis on multiple levels of substructures.

First, a frame of reference for the problem is estab-
lished (e.g., an inertially-fixed frame for a hovering heli-
copter), and the complete system being modeled, which is
called the model or a model-type subsystem, is associated
with it. The mode! is then thought of as being composed
of a number of subsystems, each of which in turn may be
composed of a set of subsystems. The process terminates
when a subsystem consists of a single finite element, which
has no subsystems. The result of this method of modeling a
system is an hierarchically-ordered set (tree) of subsystems
with the model at the root, and an element, or element-
type subsystem, at each of the leaves. With this modeling
scheme, a subsystem may have many subordinate {child)
subsystems but only one superordinate (parent) subsystem.
Any subsystermn that is neither at the root nor at a leaf is
called a system-type subsystem.

A subsystem consists of a frame of reference, a collec-
tion of child subsystems, a collection of nodes, and a collec-
tion of constraints. The subsystem performs several func-

AR -4 a'h el a-a at e ass oo o W W R TR TN T TR TS

tions. First, it is the basic unit in the hierarchical scheme,
containing the complete definition of a model for the por-
tion of the system it represents. Second, it is a repository
for the degrees of freedom associated with that portion of
the system. This includes its frame and nodal degrees of
freedom as well as the independent generalized coordinates
of any child subsystems. Finally, through its constraints, it
is associated with the computational process of transform-
ing between the generalized coordinates of its parent and
its own generalized coordinates. Both the generalized dis-
placements and forces are transformed. For perturbation
problems, the coefficient matrices are transformed.

An element is a special subsystem which has no child
subsystems. It may also have additional non-nodal degrees
of freedom (e.g., the aeroclastic beam internal degrees of
freedom). Computationally, the elements are the source
of virtual work in the problem. An element provides the
generalized forces given the generalized displacements. For
perturbation problems, an element provides the coefficient
matrices providing the perturbation in generalized forces
associated with perturbations in the generalized coordi-
nates and their time derivatives.

The frame of reference for a subsystem provides the
primary means of establishing the coordinate system for
that subsystem. It also introduces six (independent until
constrained) degrees of freedom which define the position
and orientation of the subsystem'’s frame relative to its par-
ent’s frame. The position and orientation of a frame may
be selected to define a natural coordinate system for the
subsystem (e.g., a hub-centered frame for a helicopter ro-
tor).

There are two types of nodes used in GRASP. Strue-
tural nodes provide measures for local displacement and ro-
tation of the structure. Asr nodes determine the induced
inflow velocity (only one air node is used per rotor). Nodes
are local to a subsystem and create degrees of freedom for
that subsystem. Their only connection with other subsys-
tems is through constraints. Nodes provide the physically
identifiable points that form the basis for connectivity in the
model. Elements are connected to nodes, and the physical
constraints restrict the motion at one or more nodes.

Constraints can be thought of as the glue that holds
the model together. Constraints are used to model both
physical constraints (e.g., pins or clamps) and to eliminate
all of the dependent degrees of {reedom introduced into the
model. For example, if two frames of reference are to move
as if they were rigidly connected to one another, a con-
straint is required to eliminate the dependent frame degrees
of freedom. As another example, the assembly of a finite-
element model may require a structural node in some sub-
system to be connected to an element. This is accomplished
by constraining the nodes in the subsystem and in the ele-
ment to move as if they were rigidly connected. The set of
constraints for a subsystem must be sufficient to reduce the
total number of degrees of freedom to only the independent
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degrees of freedom. Similarly, for the complete model, all
dependent degrees of freedom must be eliminated.

In the course of building a model, GRASP routinely
generates additional internal degrees of freedom (internal
in the sense that they are not specified by the user). When
it does so, it also generates internal constraints to eliminate
the additional dependent degrees of freedom. For example,
if the user specifies a constraint between a node in a grand-
parent subsystem and a node in a grandchild subsystem,
GRASP will create an internal node in the parent subsys-
tem. GRASP will also create internal constraints (e.g., be-
tween the node in the grandparent subsystem and the node
in the parent subsystem). (Actually, more than one inter-
nal node and internal constraint are produced. However,
the details are beyond the scope of this paper.)

Solution and Modeling Capabilities

As noted in the introduction, GRASP was developed
to provide a tool for determining the equilibrium deflections
and stability of arbitrary rotorcraft configurations in hover
or vertical flight (with no periodic coefficients or forces).
The representation selected for the model allows great gen-
erality in the configurations that can be analyzed and per-
mits essentially arbitrary kinematic motions of components
relative to one another. This general framework along with
the library-oriented software design means that the detailed
capabilities and limitations of the program are those asso-
ciated with the members of the libraries. The capabilities
and restrictions associated with the solution and modeling
libraries are described below. This is followed by an exam-
ple of GRASP modeling.

Solutions

The solution library presently contains two solutions
related to the hovering or vertical flight conditions (for
which there are no periodic coefficients in the equations
of motion):

Solve Steady-State. The steady-state solution pro-
vides values for all of the model degrees of freedom which
result in model equilibrium. The primary requirement is
that the model correspond to a physical system which ad-
mits a time-invariant, steady-state solution. That is, the
structure must not be subject to time-varying forces. This
may be accomplished by requiring that any rotating sub-
structure be rotationally isotropic and have a constant an-
gular velocity, that the gravity vector be parallel to the axis
of rotation, and that the axis of symmetry for the axisym-
metric flow field be coincident with the axis of rotation.

This solution uses the IMSL!® subroutine ZXSSQ, to
minimize the sum of the squares of the residualsin the equa-
tions of motion using a Levenberg-Marquardt algorithm.
Actually, the subroutine is used at two levels. It is used
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at an outer level to iterate to a solution of the equations
of motion of the complete model, excluding the equations
for the aeroelastic beam internal degrees of freedom. A sep-
arate, inner-level call to the subroutine is made for each
aeroelastic beam element within each residual evaluation of
the outer level to obtain the solution for the internal degrees
of freedom in that aeroelastic beam.

Solve Asymmetric Eigenproblem. The asym-
metric eigensolution provides the complex eigenvalues and
eigenvectors for all model degrees of freedom associated
with the equations of motion, M§+C¢+ K¢ = 0, linearized
about a steady-state deformation. The term “asymmetric”
refers to the nonsymmetry of the coefficient matrices C and
K. The coefficient matrix M, which is both symmetric and
positive-definite, contains contributions from the mass of
the structural model and from the “apparent mass” of the
air. The coefficient matrix C contains contributions from
structural and aerodynamic damping and inertial forces.
The coefficient matrix K contains contributions from struc-
tural stiffness and effective stiffness from aerodynamic and
inertial forces. Currently, the asymmetric eigensolution
must be computed by using the steady-state solution ob-
tained for an identical model. This solution procedure pro-
hibits one, for example, from obtaining the steady-state
deformations of an isolated blade, then applying that solu-
tion to a coupled, rotor/fuselage configuration. Plans are
being made to relax this restriction. Like the steady-state
solution, this solution requires that the model correspond
to a physical system which is not subject to time-varying
forces.

This solution factors the matrix M using the IMSL
routine LUDECP which decomposes a matrix using the
Cholesky algorithm. The linearized, second-order equa-
tions of motion are transformed to provide an identity mass
matrix. These linearized, second-order differential equa-
tions are cast into first-order form. The IMSL routine
EIGRF is then used to obtain the eigenvalues and eigenvec-
tors. EIGRF balances the dynamic matrix, converts it to
Hessenberg form, and then uses the QR algorithm to obtain
the eigensolution. Finally, the eigenvectors are transformed
back to the original coordinate system.

Nodes

The GRASP node library currently contains two
nodes:

Structural Node. The structural node introduces six
degrees of freedom which define the change in position and
orientation relative to its undeformed state, (which is de-
fined as a fixed position and orientation relative to the sub-
system reference frame). A structural node moves with the
deformation of the structure. The structural node can be
thought of as a massless, infinitesimal, rigid body that is
physically attached to the structure being modeled at a
specified point.
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Air Node. The air node introduces four degrees of
freedom that are associated with the flow of air through a
rotor disk. The meaning of these degrees of freedom can be
understood by looking at the distribution of inflow velocity
that they produce: g, +¢gzr +qar cos Y +g4rsiny, where the
g; represent the degrees of freedom, r is the radial position
in the axisymmetric flow field, and ¢ is the azimuthal posi-
tion. Thus, ¢, is a uniform, induced inflow velocity and ¢z,
g¢s, and ¢4 are induced inflow velocity gradients in the radial
direction and cosine and sine cyclic directions, respectively.
For steady-state problems, g3 and ¢¢ are not involved. For
the asymmetric eigenproblem, g3 is not involved. The posi-
tion and orientation of the flow field are assumed to remain
inertially fixed.

Elements

The GRASP element library currently contains three
elements: the aeroelastic beam, the air mass, and the rigid-
dody mass.

Aeroelastic Beam. The aeroelastic beam element
represents a slender beam (without shear deformability)
that is subject to elastic, inertial, gravitational, and aerody-
namic forces. Distributed beam properties are permitted a
cubic variation along the length of the element and are spec-
ified at the ends and at the one-third points. The primary
assumption in the derivation of the element equations!®
is that strains remain small relative to unity. There are
no small-angle approximations made and all kinematically
nonlinear effects are included. One current limitation is
that orientation angles'® (of type body-three: 1-2-3) are
used in the description of finite rotation inside the beam
element. Thus, rotations due to the deformation of beam
elements may not exceed 90°.

The element degrees of freedom consist of a frame of
reference which coincides with the root of the element in
its undeformed state, structural nodes at the root and tip,
an asir node, and internal degrees of freedom. The internal
degrees of freedom result from using higher-order polyno-
mials to increase the accuracy of the beam deformation
calculations. This method of increasing the accuracy of an
element is more convenient than having to add elements
to increase the accuracy, and it also turns out to be more
efficient!¢ (given the same number of degrees of freedom).
As the default condition, axial and torsional deformations
(in excess of a built-in pretwist) are represented by linear
polynomials, while bending deflections are represented by
cubic polynomials. The additional degrees of freedom may
be added selectively to reflect the dynamics of the element.
For example, if a beam is very stiff in bending and extension
but soft in torsion, additional torsional degrees of freedom
may be added without having to include any more bending
or extensional degrees of freedom.

The inertial section properties of the element include
the mass per unit length and the first and second moments
of mass about the principal structural axes (assumed to co-
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incide with the principal inertial axes) for the elastic center.
The geometric properties include the beam length (not dis-
tributed) and the pretwist. The elastic properties inciude
the axial stiffness, the first area moments of inertia of ax-
ial stiffness, the bending stiffnesses, the torsional stiffness,
and eight other section integrals. Also contained among the
elastic properties is a structural damping parameter which
is constant over the length of the beam.

The aerodynamic forces on the beam element are cal-
culated from quasi-steady strip theory using lift, drag, and
moment coefficients that are functions of angle of attack,
and are read from tables. As these tables are defined by the
data input to GRASP, they may be as general as piecewise
cubics in the angle of attack. Spanwise scale factors for the
lift, drag, and moment may also be specified (at the beam
one-third points) to allow for tip loss or other similar ef-
fects. The chord width, the pitch angle of the zero-lift-line,
and the offset of the aerodynamic center from the elastic
axis allow for a cubic distribution over the length of the
beam element, as do the structural section properties.

The aeroelastic beam element also calculates the blade
element contributions to the air node. These contributions
are combined with the momentum contributions from the
air mass element during the solution process.

Air Mass. The asr mass element models the momen-
tum air flow through an axisymmetric rotor disk, and is
defined by specifying the tip radius of the disk and the root
cutout radius, if any. In this element, the frame degrees
of freedom are suppressed because the frame must be in-
ertial. The only degrees of freedom associated with the
element are represented by a single air node. For steady-
state problems, the residuals corresponding to ¢, and ¢2
are calculated from momentum considerations,?® while g3
and ¢4 are not involved. For the asymmetric eigenproblem,
only the momentum terms?! involving ¢, g3, and g4 con-
tribute to the element coefficient matrices M and C, while
g2 is not involved.

Rigid-body Mass. The rigid-body mass element is
defined by specifying its total mass and its principal mo-
ments of inertia about the mass center. The single struc-
tural node associated with this element is located at the
mass center, and has its axes aligned with the principal
axes. The frame of reference coincides with the node in the
undeformed state.

Constraints

All of the constraints are based on purely kinematical
relationships. There are no restrictions to small or moder-
ate displacements or rotations in the constraint equations.
However, it is necessary to avoid the singularity that oc-
curs for deformation-induced rotations of 180° in the finite-
rotational kinematics based on Rodrigues parameters.??
(The finite-rotational kinematics of the aeroelastic beam are’
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somewhat different and have been discussed earlier.) The
constraint library presently provides the user with 11 con-
straints. These constraints may be categorized as follows:
frame constraints, node constraints, and element connec-
tivity constraints.

Frame Constraints. The three types of frame con-
straints are fized frame, periodic frame, and rotating frame.
Each of these three constraints eliminates the child frame
(dependent) degrees of freedom in favor of the parent frame
{(independent) degrees of freedom.

A fized frame constraint permanently prescribes the
position and orientation of a subsystem reference frame rel-
ative to its parent’s reference frame.

If a subsystem is to be replicated N times about an
axis of symmetry, a periodic frame constraint may be used.
It is assumed, without loss of generality, that the z, axis of
the parent frame is always the axis of symmetry. As for the
fixed frame constraint, the position and orientation (except
for the change in azimuth orientation) of each child frame
relative to its parent is fixed.

The rotating frame constraint relates the degrees of
freedom of a frame that is rotating at a constant angular
velocity about its z; axis to the degrees of freedom of its
parent frame. In a manner similar to the other two frame
constraints, the position and orientation (except for the
angular rotation) of the rotating frame is fixed relative to
its parent.

Node Constraints. There are five types of con-
straints between nodes: periodic structure, preseribed, ro-
tating structure, rigid body, and screw.

The periodic structure constraint performs the same
function for a node as the periodic frame constraint per-
forms for a frame. There is, however, an additional restric-
tion that the independent node must be coincident with the
independent subsystem reference frame.

The prescribed constraint sets a specified degree of free-
dom in a structural node to a prescribed value. By using
a sequence of prescribed constraints, the user can create
physical constraints such as clamps and pins. Prescribed
constraints are also used to eliminate unnecessary air node
degrees of freedom. During processing of the air mass con-
nectivity constraint, these constraints are used internally
to eliminate dynamic degrees of freedom from steady-state
problems and static degrees of freedom from dynamic prob-
lems.

The rotating structure constraint relates the degrees of
freedom of a rotating, dependent node to the degrees of
freedom of a nonrotating, independent node. For this con-
straint, the dependent node must be coincident with the ro-
tating reference frame. For both the periodic structure and
rotating structure constraints, the axes of symmetry and
rotation are associated with the parent and child frames,
respectively, and not with the nodes.
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The rigid body constraint forces two nodes to behave
as if they are two points on a single rigid body.

In the screw constraint, the dependent node is only al-
lowed to translate along and/or rotate relative to the inde-
pendent node about a single, specified axis. Compliances
{damping and stiffiness) may be specified for both screw
translation and rotation. By introducing nodes and using
a sequence of screw constraints, the user can create physical
constraints such as gimbals.

Element Connectivity Constraints. The ele-
ment connectivity constraints are designed to connect an
element-type subsystem to a system-type subsystem, and
include the aeroelastic beam connectivity, the air mass con-
nectivity, and the rigid-body mass connectivity constraints.
Although they are specified by the user as a single con-
straint, GRASP actually generates a series of simpler con-
straints for each.

The aeroelastic beam connectivity constraint generates
a fized frame constraint between the element frame and
the parent frame. It also generates internal constraints be-
tween the element root and tip structural nodes and the
user-specified nodes in their respective subsystems. Finally,
it generates an internal constraint relating the element asr
node to a user-specified air node.

The air mass connectivity constraint creates a fized
frame constraint between the element frame and the par-
ent frame. Even though the element has no frame degrees

of freedom, frame information is required to locate the po-
sition and orientation of the flow field center. An internal
constraint is also generated which relates the element air
node to a user-specified air node.

The rigid-body mass connectivity constraint generates
a fized frame constraint between the element frame and the
parent frame. It also generates an internal constraint be-
tween the element center-of-mass node and a user-specified
structural node.

GRASP Modeling Example

As an example of how GRASP may be used to model
rotorcraft, consider the rotor-fuselage configuration inves-
tigated by Ormiston.3?3 The physical model is shown in
Fig. 1. It consists of a rigid fuselage that has pitch and roll
degrees of freedom, and a rotor that has N (where N > 2)
rigid blades which are rotating at a constant angular veloc-
ity. The blades are rigid, and are allowed to rotate about
centrally-located, spring-restrained flap and lag hinges.

Fig. 2 shows the hierarchical set of subsystems used
to represent the physical model. Under the name of each
subsystem, and in parentheses, is the subsystem type. Ta-
ble 1 summarizes the nodes and constraints associated with
each of these subsystems. A description of each subsystem
follows.
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Subsystern PRBMODEL. At the root of the tree is
the model-type subsystem PRBMODEL that represents the
complete physical model. This subsystem is not explicitly
defined in the hierarchy input to GRASP, but rather is gen-
erated by the program. The frame of reference is inertially
fixed and is initially located at the fuselage center of mass
with its z; axis vertical.

Subsystem NROT. The first explicitly defined sub-
system is the system-type subsystem NROT, which repre-
sents the fuselage, inflow velocity field, and the rotor inte-
grated into a single entity. The frame of reference associ-
ated with this subsystem is inertially fixed and is initially
located at the fuselage center of mass, with the z; axis
aligned with the gravity vector and inflow velocity field and
the z3 axis passing through the tail boom. This subsystem
consists of two nodes and six constraints, and has three
children.

The first node is the structural node NRNOD, which is
initially coincident with the subsystem frame of reference.
This is the node to which the rigid-body mass element rep-
resenting the fuselage will be attached. The other node is
the air node AMSDOF, which is located such that the axis
of symmetry of the flow field is coincident with the rotor
mast (the frame z; axis). This asr node contains the de-
grees of freedom where the momentum and blade element
contributions to the inflow distribution will be combined.

The first constraint defined for this subsystem is the
fized frame constraint FFR1, which specifies that the sub-
system frame of reference is coincident with the model ref-
erence frame. Prescribed constraints PRE1 through PRE4
lock out all of the fuselage translations and yaw rotation,
leaving only fuselage pitch and roll. PREAIR1, a prescribed
constraint, eliminates the uniform inflow degree of free-
dom in the static solution and the collective dynamic inflow
mode in the asymmetric eigensolution.

Subsystem FUSEL. The first child of subsystem
NROT is FUSEL. This element-type subsystem is a rigid-
dody mass that represents the fuselage. There are no user
defined nodes for this subsystem (however, GRASP gener-
ates the center-of-mass node internally). The only con-
straint required is the rigid-body mass connectiuity con-
straint RMC1, which constrains the element center-of-mass
node and the structural node NRNOD in subsystem NROT
to be coincident. This has the effect of attaching a rigid
dody mass element to the structural node NRNOD.

Subsystemn AMSS. The second child of subsystem
NROT is AMSS, which is another element-type subsystem.

mass element to the air node representing the induced in-
flow, AMSDOF.

Subsystem RROT. The third child of subsystem
NROT is RROT, which is a system-type subsystem that
represents an axisymmetric substructure consisting of N
identical, equally-spaced rotor blades. In this subsystem,
the reference frame, initially located at the top of the ro-
tor mast, participates in the nominal rotation of the rotor.
Subsystem RROT consists of one node and two constraints,
and has only one child.

The only node defined for the subsystem is the struc-
tural node RRNOD, which is initially coincident with the
subsystem frame of reference. Physically, this node can be
thought of as being the center of the rotor system.

The frame constraint for this subsystem is the rotat-
ing frame constraint RFR1, which specifies that the frame
of reference for subsystem RROT is offset from its parent
reference frame by a distance along the z; axis equal to
the rotor mast height. This constraint also specifies that
the RROT reference frame is rotating at a constant angular
velocity relative to its parent frame. The rotating structure
constraint RST1 connects node RRNOD in this subsystem
to node NRNOD in subsystem NROT. Since node RRNOD
belongs to subsystem RROT and its frame of reference is
rotating relative to its parent, RRNOD is also rotating rel-
ative to node NRNOD.

Subsystemm RBLADE. Subsystem RBLADE is the
only child of subsystem RROT, and represents a substruc-
ture consisting of one of the N identical, equally-spaced
blades that make up the rotor system. The reference frame
for this subsystem is initially located at the rotor hub center
and has its r, axis aligned with the blade flapping direction
and its z3 axis aligned with the blade axis. This subsystem
consists of one node and two constraints, and also has only
one child.

The only node defined for this subsystem is the struc-
tural node HUBNOD, which is initially coincident with the
subsystem frame of reference, and therefore is also located
at the center of the rotor hub.

The first constraint for subsystem RBLADE is the pe-
riodic frame constraint PFR1, which specifies that the ori-
gin of the reference frame for RBLADE is coincident with
the parent frame but allows a rotation about the z; axis
to simulate flap-lag coupling. This constraint also specifies
that there are N subsystems identical to RBLADE spaced
equally about the z; axis of the parent subsystem (RROT)

E; AMSS is an air mass element that represents the induced :1:::‘ 'I;;rslec?}:cc:r:s:;:itt;s :}:l: x':::i;“;:c::::::;
. velocity through the rotor disk. Again, although there are HUBNOD ' ted with subsystem RBLADE 4
F no user-defined nodes for an element, GRASP generates RRNOD i a.ssgcnate vathO'sI‘“ system to node
y? an asr node. The asr mass connectivity constraint AMC1, in subsystem :

-.j which is the only constraint required in the subsystem, con- Subsystem BLADE. The only child of subsystem
o nects the element air node with the air node AMSDOF in  ppyADE is system-type subsystem BLADE, which repre-
N subsystem NROT. This has the effect of attaching an air
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sents a single, generic rotor blade that includes a rigid blade
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as well as flap and lag hinges. The subsystem frame of ref-
erence is initially at the hub center with the z, axis aligned
in the flapping direction and the z3 axis aligned with the
blade. This subsystem consists of three nodes and four
constraints, and has one child.

Structural nodes INTNOD and BLDR are initially co-
incident with the frame of reference, which is located at the
blade root, while structural node BLDT is offset from the
frame by a distance along the z3 axis equal to the length
of the beam element. Physically, BLDR and BLDT are
located at the root and tip of the blade. INTNOD is coin-
cident with BLDR and allows a second screw constraint to
be used for the lag hinge.

The frame constraint for this subsystem is fized frame
constraint FFR2, which specifies that the frame of refer-
ence for subsystem BLADE is coincident with the parent
frame. For this problem, the lag and flap hinges are de-
fined using screw constraints. Screw constraint LAG per-
mits node INTNOD to rotate about the z; axis of node
HUBNOD (from subsystem RBLADE). Another serew con-
straint, FLAP, permits node BLDR to rotate about the z;
axis of node INTNOD. The rigid body constraint RBC1 re-
quires node BDLT to move as if it were rigidly connected to
node BLDR. The effect of this last constraint is to establish
the rigidity of the blade in the absence of aeroelastic beam
internal degrees of freedom.

Subsystem BEAM. The only child of subsystem
BLADE is BEAM, an aeroelastic beam element representing
the rotor blade. As with the other element-type subsystems,
no nodes need to be defined. The only constraint required is
aeroelastic beam connectivity constraint ABC1, which con-
nects the element root and tip nodes to structural nodes
BLDR and BLDT in subsystem BLADE. It also connects
the element air node to air node AMSDOF in subsystem
NROT. Blade pitch angle is introduced by defining the ori-
entation of the element root node relative to node BLDR
to include a rotation about the z3 (beam) axis.

Numerical Results

Two sets of numerical results from GRASP are pre-
sented. The first set is compared with output from an ex-
isting, reliable, special-purpose, coupled rotor/body aero-
mechanical stability program used by Ormiston to obtain
the results presented in References 3 and 23. This prob-
lem exercises each member of GRASP’s solution, node, el-
ement and constraint libraries. By recreating the model
in a special-purpose program, it also illustrates GRASP’s
modeling flexibility. The second set of results is compared
with experimental data?4-28 for static and dynamic behav-
ior of an end-loaded cantilevered beam which undergoes
large deflections. This problem emphasizes the accuracy of
GRASP’s beam element for large deflections.
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Rotor-Fuselage Problem

GRASP results were obtained for the rotor/body
model described in the previous GRASP modeling exam-
ple. The model used a rotor height (above the body center
of mass) of 0.2 times the rotor radius, the small-body in-
ertia properties as given in Reference 23, and the following
rotor/blade properties: solidity of 0.05, Lock number of 10,
fundamental rotating flap and lag frequencies of 1.05 and
0.5 respectively, and drag coefficient of 0.0079. The present
results contain body pitch and roll degrees of freedom, rotor
blade flap and lead-lag, and, where specified, inflow dynam-
ics. GRASP calculations were done with a large number of
blades in the rotor model (holding solidity and Lock number
constant) to suppress blade-element apparent-mass effects
that are included in GRASP but omitted in Ormiston’s
program.

Eigenvalues were obtained for pitch angles of 0°, 5°,
10°, and 15°. The differences between the results are vir-
tually imperceptible using normal scales for the real and
imaginary axes of the root-locus plots. To amplify the dif-
ferences as much as possible, exaggerated scales were se-
lected to produce Figs. 3-7. As can be seen, the correlation
at low thrust is excellent. Only the body mode in Fig. 6
shows a difference at zero thrust; this mode is quite close
to the real axis where very slight changes in any physical
parameters can produce large changes in the roots. Slight
deviations as pitch angle increases can be seen in all the
modes. The most noticeable deviations at large thrust were
found in the body mode. These were caused by slightly dif-
ferent assumptions that were made in the structural and
aerodynamic modeling of the two analyses. For example,
in Ormiston’s program small-angle assumptions were made
for the spring-restraint moments and for pitch and inflow
angles in the aerodynamics, while in GRASP exact kine-
matics were used. Clearly, small differences such as these
in the modeling do produce small differences in the results.
Also, the changes in the trends produced by the addition of
dynamic inflow are virtually identical in the two programs.

Princeton Experiment

One of the first correlation attempts with GRASP
started with a basic experiment carried out at Prince-
ton University?*~2® (under Aeroflightdynamics Directorate
sponsorship). This experiment consisted of measuring the
static deformation and fundamental flatwise and edgewise
natural frequencies of a uniform, nonrotating, cantilever
beam with a mass attached to the tip (Fig. 8). The beam
was slender and was sufficiently flexible to undergo large
displacements (still at small strains) due to the presence of
the tip mass. Beam load angle and mass of the tip weight
were varied throughout appropriate ranges.

Beam Properties. The beam was made from 7075
aluminum (density 0.1014 [b/in®) with a rectangular cross
section of 0.1251 by 0.4999 in. and a length of 19.985 in. (See
References 24-26 for a complete description of the appara-
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tus and experimental methodology). The mass per unit
length, derived from the density and cross-sectional dimen-
sions, is 1.6424 x 1075 lb-sec?/in®. The mass moments of
inertias about the zy, z;, and z3 axes are 2.1420 x10~%
Ib-sec?-in., 2.1420 x10~® Ib-sec?-in., and 3.4204 x 10~ 7 1b-
sec?-in., respectively. The moments of inertia were esti-
mated for the 2-lb. tip mass as [; = [; = 0.0033676 and
I3 = 0.0026784, and for the 3-1b. tip mass as I} = I; =
0.0065673 and I3 = 0.0053169 where [; is expressed in lb-
sec3-in.

Determining the appropriate values of bending stiff-
ness proved to be more difficult. Both static and dynamic
results are very sensitive to the value of the stiffnesses, and
so great care was taken to model the stiffnesses as accu-
rately as possible. The use of the standard value of the
modulus of elasticity gives only fair results for both the
statics and dynamics. Attempted inference of equivalent
beam properties from classical linear formulas for deflec-
tion versus load for the two uncoupled cases, load angles
of 0° and 90°, yields contradictory information. At a load
angle of 0° (the edgewise-bending case), linear theory is too
stiff, but at a load angle of 90° (the flatwise-bending case),
linear theory is too soft. This seems to suggest that there
is no one value of E that will yield accurate flatwise and
edgewise bending stiffnesses. Also, the experimental data
do not show any deflection without a tip mass, although
some deflection should have been measurable, at least in
the flatwise-bending case.

With these observations in mind, equivalent beam
bending stiffnesses (i.e., EI's) were deduced for flatwise
and edgewise bending entirely from uncoupled (load an-
gles of 0° and 90°) static data where the experimental data
were assumed to have deflections for no tip mass subtracted
out. This latter point is not explicitly stated in Refer-
ences 24-26 but from the present investigation appears to
be true. A simple planar elastica?’ model was derived in
which an equation for tip deflection as a function of tip mass
and bending stiffness, EJ, was produced. A least-squares
method was used to find the best ET to fit this theoretical
model to the experimental data for both the flatwise and
edgewise directions. The two values of E inferred from the
bending stiffnesses and the cross section geometry were av-
eraged and multiplied by the cross sectional area to obtain
the axial stiffness. A value of Poisson’s ratio equal to 0.31
was assumed and the shear modulus, G, was inferred from
E. The torsional section constant reported in Reference
26 was used. The following stiffnesses resulted: axial stiff-
ness = 6.2856 x 10% Ib-in?; flatwise stiffness = 8.4487 x 10?
Ib-in?; edgewise stiffness = 1.2689 x 10* Ib-in?; torsional
stiffness = 1.0538 x 103 Ib-in%.

GRASP Model. The GRASP model for the Prince-
ton experiment is depicted in Fig. 9. Subsystem PRNCTN,
the model-type subsystem generated internally by GRASP,
represents the complete structure. The first explicitly de-
fined subsystem is CANTBEAM. The frame of reference is
defined to be coincident with the model frame except for
a rotation about the z3 axis, which is interpreted as the
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beam load angle. The subsystem contains two struectural
nodes named ROOT and TIP. ROOT is coincident with
the CANTBEAM subsystem frame of reference, and has
all of its degrees of freedom prescribed to zero (cantilever
beam boundary conditions). TIP is defined to be located
19.985 in. from the frame along the r; axis.

The first child of CANTBEAM is an aeroelastic beam
element named BLADE. An aeroelastic beam connectinty
constraint associates the elements root and tip nodes with
the nodes ROOT and TIP in the subsystem CANTBEAM.
The definition of the element includes specifying the or-
ders of the polynomials used to represent the displacements.
The typical approach in finite element programs would be
to use several elements with the transverse displacements
approximated by cubic polynomials and the axial displace-
ment and torsion approximated by linear polynomials. In-
stead, for this analysis we use one element with eighth-
order polynomials for bending and sixth-order polynomials
for axial displacement and torsion. This yields a total of 32
element degrees of freedom (6 of which will be constrained
out by the clamped-end condition). Essentially the same
results were obtained when the order of each polynomial
was reduced by one.

Subsystem WEIGHT, the second child of CANT-
BEAM, is a rigid-body-mass element that is defined to be
coincident with the node TIP. Its definition specifies the
mass and the mass moments of inertias about all three prin-
cipal axes.

GRASP Results. GRASP expresses static rotations
in terms of Rodrigues parameters, so a minor amount of
postprocessing is needed to convert the GRASP output to
the projected angle which was measured in Reference 25.
Also, all GRASP deflections had the no-load deflections
subtracted out before the results were plotted with the
experimental data. All frequencies calculated by GRASP
were converted from rad/sec to Hz.

Two tip-loading conditions are presented here. First,
results are presented for a 2-lb. tip mass. Fig. 10 shows
the static deflections vs. load angle. The correlation for
flatwise and edgewise is excellent. For torsional deflection
the GRASP calculations cut right through the middle of
the experimental scatter. Fig. 11 displays the fiatwise and
edgewise frequencies vs. load angle. The GRASP results
are only slightly offset from the experimental values, and
follow the trend exactly. The average error is approximately

0.5%.

The 3-1b. tip mass results are presented next. Again,
excellent correlation with the static deflection is shown in
Fig. 12. Notice the slight rise in edgewise deflection with
load angle around 30° shown by both the experiment and
GRASP. The torsional data have much less scatter than in
the 2-1b. case. Again, GRASP calculations correlate excel-
lently. Fig. 13 shows the flatwise and edgewise frequencies.
The GRASP predictions are again slightly low for both of
the frequencies, but follow the trends very nicely.
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Overall, GRASP does a much better job of determin-
ing both the static and dynamic the behavior of the beam
under load than the theory used in Reference 26. This is
primarily due to the use in GRASP of the exact small-
strain kinematics modz:led by the beam element equations
of Reference 20.

Planned Enhancements

Since GRASP is composed of libraries of solutions, el-
ements, and constraints, enhancements which extend the
capabilities of GRASP result from adding new members
to or improving the existing members of these libraries.
The following sections describe the enhancements which are
planned to extend the capabilities of the libraries. Other
enhancements are also described, which are not intended to
add new capabilities but will make the program easier to
use.

Enhancements to the Libraries

Solution Library. In the solution library, the
planned enhancements include adding a symmetric eigenso-
lution and a reference deformations solution. The symmet-
ric eigensolution will provide the user with the capability of
using a significantly faster eigenvalue utility to obtain a set
of approximate eigenvectors for any portion of the model.
These approximate eigenvectors can then be used to obtain
a reduced set of generalized coordinates for the sub-space
reduction constraint (see below).

The reference deformations solution will relax the re-
striction to using identical models for the asymmetric eigen-
solution and the steady-state solution. It will make it possi-
ble to specify an arbitrary deformation state for any portion
of the model. For example, the deformations of an isolated
rotor blade could be calculated using the steady-state solu-
tion, then used to specify the deformation state of a portion
of a more complex structure.

~lement Library. Planned additions to the element
library include a direct snput element and a composste aero-
elastic ber~ element. The direct input element will allow
creation or an element that is defined by the linear equation
M§+Cq+ Kq = 0. This element will provide the capability
to model simple springs and dashpots as well as the ability
to represent a portion of the model in terms of its modes
and frequencies.

The composite aeroelastic beam element will provide
the same basic capability as the aeroclastic beam element,
but will more accurately represent the behavior of beams
built up from composite materials. Section rotations from
independent polynomials will be used to obtain a more gen-
eral deformation field and Rodrigues parameters will be
used in order to obtain a simpler formulation and an in-
creased range of rotations due to deformation.?® Also, a
more general constitutive law will also be used in conjunc-

tion with an increased number of independent elastic con-
stants.

Constraint Library. Five additions to the constraint
library are planned. Two of these will provide connectivity
for the new direct input and composste aeroelastic beam el-
ements described above. The three other additions to the
constraint library include a pin constraint, a moving frame
constraint, and a sub-space reduction constraint. The pin
constraint will allow the vser to define a pin connection
between two nodes with a single constraint.

The moving frame constraint will associate a frame and
a structural node such that the frame follows the motion of
the node, providing a more natural frame for measuring
motion in a subsystem. Also, this constraint will make
it possible to treat the rotating/nonrotating interface in a
more general fashion.

The sub-space reduction constraint will be used to re-
duce the number of degrees of freedom in a model by trans-
forming from the coordinate space defined by the original
degrees of freedom to a sub-space of generalized coordinates
whose basis is specified by a linear transformation. Typi-
cally the linear transform will be the eigenvectors from a
symmetric eigensolution performed on that subsystem.

Other Enhancements

A number of enhancements have been planned to in-
crease the useability of the program. These enhancements
include implementing improved error messages that include
data that can better help pinpoint problems. Also, an in-
teractive preprocessor is planned that will provide much of
the “boilerplate” for the input file and prompt the user for
values of the input data. Finally, an interactive postpro-
cessor is planned that will provide automatic generation of
plots and improved tabular output of results.

Concluding Remarks

In response to the limitations of previous methods for
analyzing rotorcraft, GRASP has been developed. GRASP
is a general-purpose program which treats the nonlinear
static and linearized dynamic behavior of rotorcraft rep-
resented by arbitrarily connected rigid body and beam el-
ements. Large relative motions and deformation-induced
displacements and rotations are permitted (as long as the
strains in the beam element are small). Periodic coefficients
are not treated, restricting the solutions to rotorcraft in
axial flight and ground contact conditions. Time-history
solution procedures are not considered.

GRASP uses a modern approach for modeling struc-
tures, incorporating the features of several traditional
methods. The basic approach which provides the foun-
dation for large relative motion kinematics is derived from
“multibody” research with an expanded emphasis on multi-
ple levels of substructures. This is combined with the finite
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element approach which provides flexible modeling through
the use of libraries of elements, constraints, and nodes. The
use of a variable-order polynomial beam element makes the
finite element approach more effective. The incorporation
of aeroelastic effects, including inflow dynamics and nonlin-
ear aerodynamic coefficients for the beam element, further
extends the capabilities.

One feature of the program which is especially impor-
tant for rotor dynamics is the comprehensive treatment
of the nonlinearities associated with large, deformation-
induced displacements and rotations. No kinematical ap-
proximations are made on the magnitudes of the displace-
ments and rotations. However, the strains in the aeroelastic
bean element must remain small compared to unity, and
shear deformation effects are not considered in the present
element.

GRASP also uses a modern approach for program-
ming. The design and implementation of the code empha-
size ciarity and modularity at every level. One important
feature is the use of an information manager which facili-
tates use of data structures that are natural for the problem
and allows the dimensions of the data structures to be es-
tablished based on the requirements of the particular model
being analyzed.

The flexibility of GRASP has been demonstrated by
using it to generate a model which essentially duplicates
an existing, special-purpose, coupled rotor/body, aero-
mechanical stability program. The GRASP resuits corre-
late very well with those of the special-purpose program.
The accuracy of the GRASP solution methods and the
powerful capabilities of the ageroelastic beam element have
been demonstrated by comparing the results from a sim-
ple single-element mode! with experimental results for an
end-loaded cantilevered beam that is undergoing large de-
flections. The agreement between the calculated and ex-
perimentally measured results is excellent.

All of the basic features of GRASP described in this pa-
per, excluding the planned enhancements, have been imple-
mented in the current version of the code and are presently
being subjected to extensive testing. Modular testing of
the code has been conducted in paraliel with development
since the beginning of the project. As a particular system
capability was developed, that capability was also tested to
greatest extent possible at that time. Since the completion
of the coding for the current version in September 1985,
most of the effort by the project team has been concen-
trated in the area of system testing. Another major empha-
sis at the present time is the development of a theoretical
manual for GRASP. This manual will provide detailed an-
alytical derivations for the theoretical basis of GRASP in a
single source. The current version of the code (written for
the CRAY X-MP), a users’ manual, and a programmers’
manual are presently available.
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Table 1 Subsystem nodes and constraints for the rotor-fuselage configuration.

Subsystems Nodes Constraints

PRBMODEL

NROT NRNOD, AMSDOF* FFR1, PRE1-PRE4, PREAIR1
FUSEL RMC1

AMSS AMC1

RROT RRNOD RFR1, RST1

RBLADE HUBNOD PFR1, PST1

BLADE INTNOD, BLDR, BLDT FFR2, LAG, FLAP, RBC1
BEAM ABC1

*air node
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Fig. 1 Schematic of sample rotor-fuselage configuration, a) Fig. 2 Hierarchical GRASP model of the rotor-fuselage
rotor and fuselage, b) individual blade. configuration.
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Fig. 3 GRASP correlation with Ormiston’s coupled ro-
tor/body model: behavior of the regressing lead-lag mode
with and without inflow dynamics.

1615 T
| WITH
B T INFLOW
2
605k
31605 1
>‘ L
z L
g
Z
g 1.595 | : —— GRASP
s ~=—= ORMISTON

i @/]P
0° 5 10° 15°
1.585$ —%
o i 4 1 e p—

REAL X 10-3, rad/sec

IS
)
'S
©

Fig. 4 GRASP correlation with Ormiston’s coupled ro-
tor/body model: behavior of the progressing lead-lag mode
with and without inflow dynamics.

35
INFLOW ——omasw |
— —— ORMISTON 30
O—t——

0° 5°10° 15 25§
3
8
1 20 >:
[+ 4
<
4182
Q
<
{102

4.0

L i 'y i " 4
-6 -5 -4 -3 -2 -1 0
REAL, rad/sec
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